Introduction
The prion protein (PrP) is known to be the major agent that causes transmissible spongiform encephalopathies (TSEs) (1) . The conversion from an α-helical (cellular PrP, denoted PrP C ) to a β-sheet-rich structure (Prion Scrapie, denoted PrP Sc ) determines the onset of these particular diseases (1) (2) (3) (4) . The PrP C is anchored in the cell membrane by a glycosylphosphatidylinositol (GPI) bridge and is rich in α-helical structure and highly soluble (5) . In contrast, PrP Sc is mostly insoluble and has a greater β-sheet content than PrP C (5, 6).
However, in most cases, both prion isoforms are derived from PrP molecules displaying the same primary sequence, although the PrP Sc may exist in variable truncated forms in vivo, due to its partial resistance to proteolysis (7) .
The mechanism of PrP Since the discovery that PrP is the main agent responsible for TSEs (1) , several studies have been published on the thermodynamic and structural properties of this unusual protein (11- 
Material and Methods

Reagents and protein samples
All reagents used were of analytical grade. D 2 O for FT-IR was purchased from Aldrich (Seelze, Germany). The rPrP cloned in pRSET plasmid (kindly given by Prof. R. Brentani and Prof. Vilma R. Martins) was expressed in Escherichia coli and purified by high-affinity column refolding as described (35) .
For the FT-IR experiments, purified rPrP was dissolved in D 2 O and then lyophilized three times to remove all H 2 O from the sample. The dried protein was dissolved to a concentration of 4% (w/v) in 10 mM sodium phosphate buffer (pD 6.5) in 99.9 % D 2 O for all thermal experiments. Pressure-insensitive Tris-DCl buffer (10 mM, pD 7.5) was used for high-pressure experiments. rPrP aggregates were obtained by incubation of the native protein (4%) at 50 °C for 2 and 48 h and are denoted β-rPrP and β-rPrP late , respectively. rPrP at 2 mg/ml in 10 mM sodium phosphate buffer at pH 6.5 was used for PPC experiments.
High-pressure Fourier transform infrared (FT-IR) spectroscopy
For the temperature studies, protein solutions were loaded into a FT-IR cell with 4 mm thick CaF 2 windows separated by 50-µm mylar spacers. The temperature in the cell was controlled by an external water circuit and was increased gradually between 20 and 80 o C at 10 o C/h. A diamond anvil cell (High Pressure Diamond Optics Inc., USA) was used for the measurements under pressure. The samples were mixed with powdered α-quartz in a stainlesssteel compartment (0.5 mm diameter, 0.05 mm deep) (31, 33) and changes in pressure were quantified by the shift of the quartz phonon band at about 798 cm −1 (36) . The pressure studies were carried out between 1 bar and ~10 kbar. An equilibration time of ∼15 min was given before taking data at each temperature and pressure. FT-IR spectra were collected on a Nicolet Magna 550 FT-IR spectrometer equipped with a mercury cadmium telluride detector (MCT) operated at -196 °C. Spectra were generated by co-adding 256 interferograms collected at 2 cm −1 resolution, and apodized with a Happ-Genzel function. Baseline data were obtained using buffer in D 2 O.
The sample chamber was purged with dry, CO 2 -free air. Determination of peak position and curve fitting were performed with OMNIC (Nicolet, Madison WI, U.S.A.) and GRAMS (Galactic, Salem NH, U.S.A.) software, respectively. Integral intensities of the secondary structure elements were calculated by analysis of the deconvoluted amide I´ (the prime indicates that the solvent is D 2 O) vibrational mode of the IR spectrum with a band-fitting procedure assuming a Gaussian-Lorentzian line shape function (30, 33) . Fourier self-deconvolution of the IR spectra was performed with a resolution enhancement factor of 1.8 and a bandwidth of 15
. We note that the results of this method need to be treated with caution for the determination of absolute values of the secondary structure elements, because their transition dipole moments may be different and because theoretical predictions of the absorbance frequencies of model polypeptide secondary structures may be influenced by structural distortions, variable H/D exchange, etc. No problems arise, however, from the application of the fitting method to the study of relative changes in conformations of the protein backbone, which was the primary goal of this study. The goodness of the fit reached − using the LevenbergMarquardt method − was very satisfactory (R 2 values 98.7-99.6 %; ~0.1% noise level) when peak-fitting of the amide I' band was done with six mixed Gaussian and Lorentzian peak functions. The error in determination of the secondary structure elements from the relative peak areas of the amide I´ band (integral intensities) from different runs is approximately ±2 %. 
Pressure perturbation calorimetry (PPC)
PPC measurements were performed with a Valerian Plotnikov differential scanning calorimeter (VP DSC) (MicroCal Incorporated, Northampton, MA, USA) equipped with PPC accessory from MicroCal. The PPC technique is described in detail elsewhere (32) . In short, one can obtain valuable thermodynamic information on protein hydration, expansivity and relative volume changes upon thermal denaturation (34) by measuring the heat change ∆Q which is released upon small pressure changes, ∆p, at temperature T. Through several reference measurements and knowing the thermal expansion coefficient of the solvent (α s ) as well as the mass (m) and partial specific volume of the solute (V), it is possible to calculate the apparent thermal expansion coefficient (α) of the protein in solution (34) , α = α s − ∆Q/(T ∆p m V). The protein's relative volume change during unfolding or aggregation can also be calculated by measuring α(T) in a system undergoing a heat-induced transition and integrating the α vs. T plot over temperature (32, 34) . At every temperature step, an identical small pressure-jump of +5 bar was applied to both sample and reference cells using pressurized N 2 gas. For the analysis, signals from the buffer-buffer, buffer-water and water-water runs are subtracted from the sample-buffer 9 PPC run. The partial specific volume of mouse rPrP used for the volumetric calculations was 0.73 cm
Results
The stability of rPrP was investigated by FT-IR spectroscopy using temperature and pressure as physical perturbations. The most useful IR band for the analysis of the secondary structure of proteins in aqueous media is the amide I band (which downshifts by ∼5 cm ( Table I ). Due to the unknown transition dipole moments of the various secondary structure elements, no absolute values for the population of conformational states can be given. Curve fitting of the amide I' spectra of rPrP revealed six bands, appearing at about 1668 (turns), 1651 (α-helices), 1642 (random coil), 1628 (β-sheets), 1680 and 1613 (antiparallel β-sheets) cm −1 (Table I) .
Effect of temperature on the structure and stability of rPrP
To investigate the effect of temperature on the secondary structure of rPrP, we measured the heat-induced changes in the amide I´ region of the infrared spectrum in the temperature range Based on fitting the amide I' band to obtain the subcomponents (Table I) temperature-induced transition cannot be reversed by a simple temperature decrease (Fig. 1B -open symbols) . The thermal transition was also observed by circular dichroism (CD) spectroscopy, which revealed a process highly dependent on protein concentration (Cordeiro et al., unpublished results). We also found that aggregation, as measured by light scattering, paralleled the gain in β-sheet structure (data not shown).
Effect of pressure on the structure and stability of native α α α α-rPrP and aggregated β β β β-rPrP
To reach a better understanding of the PrP folding pathway we also analyzed the stability of native rPrP against pressure, and we describe the differences between the pressure-and temperature-denatured states. To investigate the effect of pressure on the secondary structure of rPrP, we measured the pressure-induced changes in the amide I´ vibration mode in the range from 0.001 to 10 kbar at two selected temperatures (25 and 50 °C). At 25 °C, the prion protein (α-rPrP) is native, predominantly α-helical and random. compared to the β-rPrP aggregate (Table I − in brackets), which might be due to the formation of an aggregated structure with weaker/fewer hydrogen bonding of the C=O groups. We subjected both types of aggregates (β-rPrP and β-rPrP late ) to pressure at 50 and 25 °C, respectively. The effect of high pressure on aggregated β-rPrP at a temperature above the thermal unfolding temperature was investigated up to 10 kbar. The inset in Fig. 3 shows β-rPrP spectra at 50 °C at 1 bar and at 3.8 kbar; the amide I´ band has a shape typical of aggregated rPrP (Fig. 1A) with a broad maximum at 1641 cm The differences in pressure susceptibility between α-rPrP and β-rPrP are clearly visualized in Figure 4 . α-rPrP undergoes pressure denaturation at much higher pressures and with a smaller volume change than β-rPrP. Overall, the data indicate that formation of β-rPrP induces the appearance of solvent-excluded cavities, highly sensitive to pressure.
We also studied the stability of β-rPrP secondary structure elements at either temperature over the whole pressure range covered, which indicates a marked pressure stability of these mature aggregates.
Pressure perturbation calorimetry
We performed pressure perturbation calorimetry (PPC) measurements to further explore the changes in thermal expansion and volume of native rPrP and of the β-rPrP aggregate. The apparent thermal expansion coefficient α is depicted as a function of temperature between 10 and 95 o C for both samples (Fig. 5 ). These data clearly show that α of rPrP decreases markedly from 1.75⋅10
to a value near 0.3⋅10
. Above ~80 (Fig. 5A) , which is obviously due to the decrease in hydrated accessible surface area of the aggregated chains.
Discussion
Here, we present clear-cut evidence that the conversion of α-rPrP into β-rPrP involves a substantial change in hydration and accessible surface area as determined by high-pressure FT-IR spectroscopy and pressure perturbation calorimetry. Fourier-transform infrared spectroscopy has been widely used to probe transitions in secondary conformation of proteins (6, 17, 31, 41) , and the use of a diamond anvil cell provides access to secondary structure components of proteins also upon pressurization (31, 33) .
Thermal-induced unfolding of α-rPrP gave rise to an increased β-sheet content at In agreement with experimental results and computational approaches reported by other authors, our data show that the increase in β-sheet content occurs at the expense of both α-helical structure (5, 6, (43) (44) (45) and random-coil content, principally the former. There are some discrepancies between our results and previous data for secondary structure components of PrP aggregates measured by different IR techniques and by deconvolution of CD spectra (6, 41, 46 Native rPrP at 21 o C was highly resistant to pressure up to 4 kbar (Fig. 2 ) and, at higher pressures, the amount of α-helix decreased whereas the turns increased. rPrP tryptophan fluorescence revealed no significant changes in tertiary structure up to 3 kbar (data not shown).
Pressure denaturation monitored by FT-IR spectroscopy was totally reversible, which allowed us to obtain the thermodynamic parameters of the α-rPrP and β-rPrP denaturation processes, as depicted in the volume and free-energy diagrams of Figure 6 . α-rPrP is more hydrated and has a larger solvent accessible surface area than aggregated β-rPrP. The smaller ASA of β-rPrP is inferred from the pressure perturbation calorimetry experiments and the presence of a greater volume of water-excluded cavities is revealed by its much greater pressure sensitivity (∆V = −43.6 ± 7.0 ml/mol; ∆G 0 = 2.81 ± 0.10 kcal/mol). The occlusion of hydrophobic surfaces related to β-sheet formation can also be acquired by binding to nucleic acids (8, 47) or to bis-ANS (48).
Another feature revealed in both diagrams is that the denaturation transitions engender different denatured states (U and U'). They appear to arise from different folding routes: α-rPrP denatures into U with smaller changes in volume whereas β-rPrP denatures into U´ with a larger volume change. There is a clear kinetic barrier, both in the volume (activation volume) and in the Gibbs free energy (activation energy) between U and U´. This unusual property is probably related to both the slow in vivo conversion and to the infectious nature of prion diseases. It may also explain the inability to show that any β-sheet rich form obtained from recombinant PrP is an efficient infectious agent. Nevertheless, in vitro β-sheet isoforms have physical properties similar to PrP Sc ; and amyloid-like aggregates exhibit epitopes equivalent to those of Scrapie PrP (15) .
Indeed, it is quite intriguing why infectious PrP (Fig. 5) , which is obviously due to the absence of a large hydrated accessible surface area of the aggregated chains.
In conclusion, we describe for the first time denaturation of recombinant prion protein by high pressure without the concomitant use of temperature or chemical denaturants, and we show of pressure were obtained from native α-rPrP α-helical secondary structure (see Fig. 2 ) and from β-sheet changes for β-rPrP (see Fig. 3 ). The extent of denaturation (ƒ) was calculated as follows: 
